The two domains of flavocytochrome b # are connected by a typical hinge peptide. To probe the role of the hinge in modulating the efficiency of intraprotein electron transfer between these two domains, a number of mutant enzymes with truncated hinge regions were previously constructed and characterized [Sharp, Chapman and Reid (1996) Biochemistry 35, 891-899]. In the present study two mutant enzymes with elongated hinge regions have been constructed (HI3 and HI6) to further our understanding of the controlling influence of hinge length and primary structure on intraprotein electron transfer. Modification of the hinge had little effect on the lactate dehydrogenase activity of the
INTRODUCTION
Saccharomyces cere isiae flavocytochrome b # (-lactate cytochrome c oxidoreductase, EC 1.1.2.3) is a soluble component of the mitochondrial intermembrane space [1] , where it catalyses dehydrogenation of -lactate to pyruvate with subsequent electron transfer to cytochrome c [2] . The enzyme is a homotetramer of subunit molecular mass 57 500 Da [3] . The crystal structure of flavocytochrome b # solved to 0.24 nm resolution [4] shows that each subunit is composed of two distinct domains : a 10 kDa Nterminal domain containing protohaem IX and a 47 kDa Cterminal domain containing FMN non-covalently bound at the active site for -lactate dehydrogenation ( Figure 1 ). The physiological pathway for electron transfer is : -lactate FMN haem cytochrome c, with no detectable electron transfer directly from the FMN in intact flavocytochrome b # to cytochrome c [6, 7] .
The two domains of each flavocytochrome b # subunit are connected by a typical hinge peptide sequence that contains proline, glycine and various charged residues ( Figure 2 ). The presence of the hinge region is physically required to covalently link the two domains and maintain them in close proximity with one another. Kinetic and spectroscopic experiments with the independently expressed and purified haem and FMN domains show that no detectable electron transfer occurs from reduced FMN to oxidized b # haem and the two domains do not appear to interact in solution [8] . It has also been proposed that the hinge region confers domain mobility, allowing movement of the cytochrome domain with respect to the FMN domain [9] . This proposal is supported by observations from X-ray crystallography [4] and NMR spectroscopy [10] .
In order to investigate the effect of disrupting structural integrity within the hinge region on intraprotein electron transfer § To whom correspondence should be addressed at, ICMB, Darwin Building, University of Edinburgh, Mayfield Road, Edinburgh EH9 3JR, Scotland, U.K.
enzyme, as was evident from steady-state experiments using ferricyanide as electron acceptor and from pre-steady-state experiments monitoring flavin reduction. However, the hinge insertions lowered the enzyme's effectiveness as a cytochrome c reductase. This effect results from a defect at the first interdomain electron-transfer step (FMNH # haem electron transfer), where the rate constants for haem reduction in HI3 and HI6 were 50-and 100-fold lower than the corresponding value for the wildtype enzyme. Preservation of structural integrity within the hinge region is apparently essential for efficient intraprotein electron transfer.
(FMN haem electron transfer), a number of hinge-deletion mutant enzymes have been previously constructed and characterized. These are : H∆3 [11] , H∆6 and H∆9 [12] , with 3, 6
Figure 1 Graphical representation of a single wild-type flavocytochrome b 2 subunit
This diagram was generated using the MOLSCRIPT molecular graphics program [5] . α-Helices and β-sheets are shown as ribbons, the remaining α-carbon backbone is shown as a wire. Atoms depicted in ball and stick format represent the prosthetic groups. The numbered arrows indicate the end-points of insertions and deletions described in this paper. The amino acid sequence of the interdomain hinge region is shown, from Pro-89 to Lys-103 of the wild-type enzyme. The HI 3 and HI 6 enzymes have three and six amino acids inserted at the indicated position in the primary structure. The gaps in the sequence indicate the amino acid residues deleted from the hinge sequence in the H∆3, H∆6 and H∆9 enzymes. and 9 amino acid residues deleted from the hinge region respectively (Figures 1 and 2) . Kinetic experiments showed that all these enzymes were defective in intraprotein electron transfer, with a direct correlation between the degree of truncation and the effectiveness of intraprotein electron transfer. H∆3, H∆6 and H∆9 had FMNH # haem electron transfer rate constants which were 16-, 50-and 170-fold lower respectively than the value for the wild-type enzyme [10, 11] . However, all these hinge-truncated enzymes remained good -lactate dehydrogenases, compared with the wild-type enzyme. Clearly, the functionality of intraprotein electron transfer in flavocytochrome b # is severely compromised by truncation of the interdomain hinge region.
The aim of this study was to examine the effect of elongating the hinge region of flavocytochrome b # on the efficiency of intraprotein electron transfer. To this end we have constructed two further mutant enzymes, termed HI3 and HI6, with 3 and 6 amino acid residues inserted into the hinge region respectively (Figure 2 ). These insertions are positioned between residues 100 and 101 of the wild-type primary structure, the site defined structurally as the junction between the two domains [4] . We chose to insert repeats of the tripeptide motif Ala-Pro-Gly, as it occurs naturally in this portion of the hinge region ( Figure 2 ) and these residues have small side chains and are commonly found in flexible regions of proteins. In addition, these insertions will have no effect upon net charge.
MATERIALS AND METHODS

DNA manipulation, strains and growth
Site-directed mutagenesis was performed by the Kunkel method of non-phenotypical selection [13] using the oligonucleotides 329N (GTCCTCCTTATCGACCAGGAGCTCCTG GTGA) to construct HI3 and 330N (GTCCTCCTTATGCACCAGGA-GCACCAGGAG CTCCTGGTGA) to construct HI6. Standard methods for growth of Escherichia coli, plasmid purification, DNA manipulation and transformation were performed as described by Sambrook et al. [14] . E. coli strain TG1 was used for expression of mutant flavocytochromes b # .
Enzymes
Wild-type and hinge-insertion flavocytochromes b # overexpressed in E. coli were isolated from cells which had been stored at k20 mC. The purification procedure was as previously described [15] , incorporating the modifications described by Sharp et al. [12] . Purified enzyme preparations were stored under a nitrogen atmosphere at 4 mC as precipitates in 70 % (NH % ) # SO % , under these conditions the enzymes retained full activity for several weeks. Alternatively, for long-term storage, concentrated aliquots ( 100 µM) of oxidized, (NH % ) # SO % -free enzymes were snap-frozen and stored in liquid nitrogen. Under these conditions, the enzymes retained full activity indefinitely. Enzyme concentrations were calculated using previously published absorption coefficients [16] .
Kinetic analysis
All kinetic experiments were performed at 25p0.1 mC in 10 mM Tris\HCl at pH 7.5, I l 0.10 M (ionic strength, I, adjusted to 0.10 M by addition of NaCl). Steady-state kinetic measurements involving the enzymic oxidation of -lactate were performed using a Shimadzu UV2101PC spectrophotometer. Horse heart cytochrome c (type VI, Sigma) or ferricyanide (potassium salt, BDH chemicals) was used as the electron acceptor, as previously described [17] . Pre-steady-state measurements involving single turnover of -lactate were carried out with an Applied Photophysics SF.17 MV stopped-flow spectrofluorimeter, as previously described [17] . Flavin reduction was monitored at 438.3 nm (a haem isosbestic point) and haem reduction was monitored at either 423 or 557 nm (the measured rate constants were the same at both wavelengths). Collection and analysis of data were as previously described [17] . Values of kinetic constants were determined using non-linear regression analysis. Purification and preparation of -[2-#H]lactate [18] and measurements of kinetic isotope effect (KIE) values, using this substrate were as previously described [17] .
Measurement of redox potential
The mid-point potentials of the haem groups of the hingeinsertion flavocytochromes b # were determined spectrophotometrically using a previously published redox potentiometry method [19] . The experiments were performed exactly as described before [12] , except that the potentials were determined with a platinum electrode relative to a calomel cell. The potentials were corrected for the standard hydrogen electrode by addition of 242 mV to the measured potential.
RESULTS AND DISCUSSION
Effect of flavocytochrome b 2 hinge modifications on the catalysis of L-lactate dehydrogenation
The catalytic cycle of flavocytochrome b # is shown diagrammatically in a linear form in Scheme 1. A step-wise description of the electron-transfer events occurring in this cycle are given in the legend to the Scheme. Starting with the fully oxidized enzyme, step 1 in Scheme 1 is reduction of the FMN prosthetic group by -lactate. The kinetics of this reaction directly reflect the -lactate dehydrogenase activity of the enzyme. Reduction of FMN by -[2-"H]lactate and -[2-#H]lactate for wild-type and hingemodified flavocytochromes b # was monitored directly, as described in the Materials and methods section. Pre-steady-state kinetic parameters for hinge-insertion enzymes are reported in Table 1 (top panel), where they are compared with previously reported values for hinge-deletion and wild-type flavocytochromes b # . The rate constants for FMN reduction (k F ) in the hingeinsertion enzymes, HI3 and HI6 are almost the same, within
Scheme 1 Linear representation of the catalytic cycle of flavocytochrome b 2
The redox states of cytochrome c (cyt c) haem and flavocytochrome b 2 flavin (F) and haem (H) are indicated by the subscripts ' ox ' and ' red ' for the oxidized and reduced forms respectively. The flavin semiquinone is shown as ' F sq '. The catalytic cycle is shown in a linearized form to facilitate presentation of the individual microscopic steps discussed. Steps on the catalytic cycle to which we wish to draw attention are as follows. (1) Oxidation of lactate to pyruvate and reduction of FMN ; this contributes to rate limitation in the wild-type enzyme (especially the first haem reduction step ; see the text for details). The rate constant for FMN reduction, within experimental error, for each enzyme is indicated. (2) Electron transfer from fully reduced FMN haem, resulting in the semiquinone form of FMN and reduced haem (this is the rate-limiting step in all the hinge-modified enzymes, except H∆3). The rate constant for this step is indicated for the wild-type and hinge-modified enzymes. (4) Electron transfer from the flavin semiquinone to haem, resulting in fully oxidized FMN and reduced haem (this is the major rate-limiting step in the wild-type and H∆3 enzymes). The long arrow labelled ' cyt c ' represents steady-state turnover of cytochrome c by flavocytochrome b 2 , the rate constants for the turnover by wild-type and hinge-modified enzymes are indicated. All experiments were performed at 25 mC in Tris/HCl buffer, pH 7.5 (I l 0.10 M). Stopped-flow data were analysed as described in the Materials and methods section. Values of k F and k H are expressed as the number of prosthetic groups reduced per second. Where biphasic or triphasic kinetics were observed, the values reported correspond to the rapid, first phase of reduction, as previously described [12, 17] . The upper panel reports the parameters for FMN reduction ; typical protein concentrations used were 10 µM in the stopped-flow apparatus. The lower panel reports the parameters for haem reduction ; typical protein concentrations used were 2.5 µM in the stopped-flow apparatus. Abbreviations are as follows : experimental error, as the value for wild-type flavocytochrome b # (Table 1 , top panel). This is also true of the hinge-deletion enzymes [11, 12] . Indeed, for all the hinge-modified enzymes, the rate constants for FMN reduction are within 20 % of the value for wild-type flavocytochrome b # . The apparent K m for presteady-state flavin reduction (K m F ) values for the hinge-modified enzymes are lower than that for the wild-type enzyme (except for H∆3, which is the same as wild-type, within experimental error). However, the largest fall in K m F is only about 2-fold. All of the deuterium KIE values for the hinge-modified enzymes are the same within experimental error as that reported for wild-type flavocytochrome b # , implying that the rate-limiting step for FMN reduction in all the hinge-modified enzymes is hydrogen abstraction from C-2 of -lactate, as it is in wild-type flavocytochrome b # [20] . This remarkable consistency in data for FMN reduction between the five hinge-modified enzymes and wild-type flavocytochrome b # implies that changing the length of the interdomain hinge region, either by truncation or elongation, has no significant effect upon the lactate dehydrogenase function of the enzyme.
It is worth noting that for the hinge-insertion enzymes, the FMN reduction traces fitted very well to either monophasic or biphasic kinetics, with the rate constant for the first phase of the biphasic fit being similar to that of the monophasic fit. The data reported in Table 1 (top panel) for these enzymes are from fits to a monophasic exponential equation. Similar behaviour has been reported for another hinge mutant of flavocytochrome b # , termed hinge-swap [9] . This situation is in contrast to that observed for the hinge-deletion and wild-type enzymes, where clearly better fits were obtained with biphasic kinetics, at least at higher lactate concentrations [9] . For the wild-type enzyme, it is known that the rapid first phase corresponds to the initial reduction of FMN (and haem) and the slow phase is due to disproportionation between subunits within the flavocytochrome b # tetramer and subsequent re-reduction of the flavin (see below). This reaction is catalytically irrelevant during steady-state turnover [20] .
The apparent lack of effect of hinge-modification on the dehydrogenase function of flavocytochrome b # was also observed in steady-state experiments when ferricyanide was used as electron acceptor. Table 2 reports the steady-state turnover numbers (k cat ) for the hinge-insertion flavocytochromes b # when -[2-"H]lactate was used as a substrate and ferricyanide was used as the electron acceptor. These results are compared with previously reported values for the wild-type and hinge-deletion enzymes. The other kinetic parameters (K m and KIE) are not
Scheme 2 The electron-transfer processes which occur in a single flavocytochrome b 2 subunit upon full reduction of the enzyme by L-lactate
Step 1, reduction of FMN ; step 2, FMN haem electron transfer ; step 3, entry of the third electron per subunit to generate fully reduced enzyme. The origin of step 3 is described in detail in the text. F, FMN ; H, haem ; black dots denote electrons.
described, as they are very similar to wild-type flavocytochrome b # for all the hinge-modified enzymes [11, 12, 17] . Ferricyanide can accept electrons from both the haem and FMN prosthetic groups and the ability of flavocytochrome b # to donate electrons to ferricyanide is a measure of its -lactate dehydrogenase capability. From Table 2 , it is evident that all the hinge-modified enzymes are good -lactate dehydrogenases, comparable with the wild-type enzyme. The largest decrease in k cat is observed for the H∆3 and H∆6 enzymes (60 % of the wild-type value), and in H∆9 and both hinge-insertion enzymes, k cat is the same within experimental error as for wild-type flavocytochrome b # ( Table 2) .
Effect of the hinge-modifications on intraprotein electron transfer
Investigation by pre-steady-state kinetics of haem reduction Table 1 (lower panel). The hinge-insertion enzymes HI3 and HI6 have rate constants for haem reduction by -lactate that are 15-and 30-fold lower respectively than the corresponding value for the wild-type enzyme. Thus, as the hinge region is progressively lengthened, the rate constant for haem reduction decreases in value. This is analogous to the situation with the hinge-deletion enzymes, where progressive truncation of the hinge region causes a concomitant decrease in the rate constant for haem reduction ( [11, 12] and Table 1 , lower panel). It can therefore be concluded that these changes in the length of the interdomain hinge region result in severe disruption of haem reduction.
Scheme 2 illustrates the kinetic processes that occur upon haem reduction by -lactate under pre-steady-state conditions. The rapid phase of haem reduction by -lactate arises from a two-step process in which two electrons from -lactate enter a flavocytochrome b # subunit at the level of the FMN and are then redistributed between the FMN and the haem in each subunit [21, 22] . The slower, second phase is mainly due to the entry of a third electron per subunit. Flavocytochrome b # is tetrameric and when fully reduced under pre-steady-state conditions in the absence of an external electron acceptor, it can ' hold ' twelve electrons : three per subunit, two on the FMN and one on the haem. Upon reduction of the fully oxidized enzyme by excess lactate ( six molecules per tetramer), the enzyme will eventually become fully reduced. Initially, four lactate molecules will bind, one to each subunit, reducing the enzyme to the eight electron level. Electron redistribution by intersubunit electron transfer allows further reduction by an additional two lactate molecules, resulting in full reduction of the tetramer [8] . At the single subunit level, this is manifested as entry of a third electron [21, 22] . This slower phase is catalytically irrelevant during flavocytochrome b # turnover, when the enzyme behaves as a twoelectron transferase.
The reported rate constant for haem reduction of the wild-type enzyme by -lactate is 445p50 s −" (Table 1 , lower panel), measured from the rapid phase of a biphasic fit to the haem reduction trace [17] . However, fitting these data to biphasic kinetics is an approximation.
Step 2 in Schemes 1 and 2 is the first FMN haem electron transfer, generating flavin semiquinone and reduced haem. This step is actually faster than the preceding step 1 (FMN reduction), so that the apparent rate constant for haem reduction by -lactate will be limited by the rate of formation of reduced FMN. If these factors are taken into account and the data fitted as described in [22] , a rate constant of 1500p500 s −" is obtained. This describes the rate of electron transfer from fully reduced FMN haem. Reassuringly, the same rate constant, within experimental error, for this step has been directly measured by laser flash photolysis techniques, where a value of 1900p100 s −" was obtained [23] . In the case of hinge-modified flavocytochromes b # , FMN reduction is much faster than the subsequent haem reduction rate and no appreciable time lag occurs before sufficient reduced FMN is formed prior to haem reduction. So, from fitting the haem reduction traces to biphasic or triphasic kinetics at saturating -lactate concentrations, one can obtain the rate constant for the rapid, first phase of the trace. This represents the rate constant (k obs ) for the attainment of equilibrium between the FMN and haem and is thus the sum of the two microscopic steps k +# and k −# in step 2 of Scheme 2 (FMNH # haem electron transfer). However, because the equilibrium lies 85 % in favour of reduced haem in the wild-type enzyme [24] , and also, we believe, in the hinge-modified enzymes (see later), and because the rate constants for the hinge-modulated enzymes are much lower than that for the wild-type enzyme, k obs is effectively equivalent to k +# . Thus, in the hinge-modified flavocytochromes b # , the actual rate constants for fully reduced FMN haem electron transfer are 50-and 100-fold lower for the hinge-insertion enzymes and 16-, 50-and 170-fold lower for the hinge-deletion enzymes [11, 12] respectively compared with the value for wild-type flavocytochrome b # . These data clearly show that maintaining the structural integrity of the interdomain hinge region is crucial for efficient intraprotein electron transfer. The larger the truncation or elongation of the hinge region, the greater the decrease in magnitude of the rate constant for fully reduced FMN haem electron transfer. This dramatic effect is illustrated graphically in Figure 3 .
The apparent K m for pre-steady-state haem reduction (K m H ) values of the hinge-modified enzymes are all lower than the corresponding value for the wild-type enzyme (Table 1 , lower panel). These decreases are due to the fact that pre-steady-state haem reduction involves several kinetic steps, as described above. The fall in the rate constants for haem reduction in the hingemodified enzymes are also manifested as a decrease in the K m . These K m values are not a reflection of the K d for -lactate binding. The lactate dehydrogenation step is unaffected by the hinge modifications and K d will not be affected by events following FMN reduction.
The deuterium KIE values for haem reduction by -lactate for all the hinge-modified enzymes are significantly lower than that for wild-type flavocytochrome b # (Table 1 , lower panel). This implies that for these mutants, hydrogen abstraction from C-2 of -lactate contributes much less to rate limitation of haem reduction than it does in the wild-type enzyme. Essentially, the
Figure 3 Graphical representation of the effect of hinge-length modulation upon intraprotein electron transfer
The rate constant for fully reduced FMN haem electron transfer is plotted on a logarithmic scale against the degree of hinge truncation or elongation.
KIE data are consistent with the view that intraprotein electron transfer has been severely disrupted in the hinge-modified enzymes.
As discussed previously [12] , the hinge-deletion enzymes (H∆6 and H∆9) and both the hinge-insertion enzymes (as described here) have haem reduction traces that fit better to triphasic kinetics, as opposed to biphasic kinetics for the H∆3 enzyme [11, 12] and the fitting procedure described by Chapman et al. for wild-type flavocytochrome b # [22] . For the hinge-insertion enzymes, the first phase typically comprised about 30-40 % of the total amplitude of the trace over most of the -lactate concentrations investigated. The other two phases that were fitted are too slow to be kinetically relevant in the catalytic cycle and as such will not be discussed here. For a full explanation of these phases see Sharp et al. [12] .
Investigation by steady-state cytochrome c reduction Table 3 presents the data for steady-state cytochrome c reduction by the hinge-insertion flavocytochromes b # , using -[2-"H]lactate and -[2-#H]lactate as substrates. These results are compared with previously reported values for the wild-type and hingedeletion enzymes. In contrast to the kinetic data with ferricyanide, there are significant differences between the wild-type and hingemodified enzymes when cytochrome c is used as the electron acceptor. The k cat values are decreased by factors of 7 and 16 in the hinge-insertion enzymes HI3 and HI6 respectively compared with the value for the wild-type enzyme (Table 3) . This situation is similar to that observed with the hinge-deletion enzymes, where progressive truncation of the hinge region causes the k cat for cytochrome c reduction to fall in value. Clearly, modulation of the length of the flavocytochrome b # interdomain hinge region results in severely impaired cytochrome c reductase activity. The deuterium KIEs for all the hinge-modified enzymes are lower than that for wild-type flavocytochrome b # when cytochrome c is used as the electron acceptor (Table 3) . This implies that electrontransfer reactions subsequent to hydrogen abstraction from C-2 of -lactate contribute to overall rate limitation to a greater extent in these enzymes than in wild-type flavocytochrome b # . Interestingly, the hinge-insertion enzymes exhibit severe substrate inhibition at relatively low -lactate concentrations, with inhibition constants that are the same within the experimental error (about 8 mM ; Table 3 ), despite the different degree of hinge-lengthening. This inhibition is the strongest observed for all the hinge-modified enzymes and may reflect greater accessibility of the substrate to the active site for the hinge insertion, in contrast to the H∆3 and wild-type enzymes and to a lesser extent the H∆6 and H∆9 enzymes.
The region of Scheme 1 labelled ' cyt c ' represents steady-state cytochrome c turnover by flavocytochrome b # in the presence of saturating or optimal concentrations of -lactate. The rate constants for cytochrome c reduction by wild-type and hingemodified flavocytochromes b # are also reported in the Scheme. A striking observation that can be made for all the enzymes, except H∆3 and wild-type flavocytochrome b # , is that the rate constants for step 2, fully reduced FMN haem electron transfer, are the same within experimental error as that for steady-state cytochrome c reduction. This implies that, in the case of the former group of enzymes, intraprotein electron transfer from fully reduced FMN haem is totally rate limiting for enzyme turnover. For the wild-type enzyme, it is known that the major rate-limiting step in the catalytic cycle is at step 4, which is the second intraprotein electron transfer step from flavin semiquinone haem [25] . This is also likely to contribute substantially to rate limitation in the H∆3 enzyme.
These conclusions are strongly supported by the deuterium KIE values for haem and cytochrome c reduction by -lactate. All the hinge-modified enzymes where fully reduced FMN haem electron transfer is totally rate limiting have KIE values which are the same within experimental error for both presteady-state haem reduction and steady-state cytochrome c reduction.
Haem redox mid-point potential of hinge-modified enzymes
We considered the possibility that mutation, in this case by insertions, of the hinge region of flavocytochrome b # might affect the redox potentials of the prosthetic groups. An increase and\or a decrease of the mid-point potentials of the FMN and haem prosthetic groups respectively would lower the thermodynamic driving force for electron transfer, which could cause the rate of FMN haem electron transfer to decrease in value. There is clearly no, or very little, effect upon the mid-point potentials of the FMN oxidized\reduced couple for the two hinge-insertion enzymes, as the microscopic rate constants for FMN reduction are not significantly different from the wild-type enzyme (Table  1 , lower panel). However, there is a possibility that a large change in the haem mid-point potential could contribute to the lowering of the rate constants for haem reduction in the hingeinsertion enzymes. To discount this proposal, we measured the haem mid-point potentials for the HI3 and HI6 enzymes. Both had the same potential within experimental error as wild-type flavocytochrome b # ; E m (HI3) l k22p5 mV, E m (HI6) l k26p5 mV and E m (wild type) l k17p3 mV [26] . This implies that the decreased rate of intraprotein electron transfer is due to modulation of the hinge region alone and not to any change in the redox chemistry of the prosthetic groups.
Conclusion
From our studies on the hinge-modified flavocytochromes b # , we draw the following conclusions. (1) Modification of the length of the interdomain hinge region has little influence on the lactate dehydrogenase activity of the enzyme. (2) Structural integrity of the hinge region is crucial in mediating efficient intraprotein electron transfer from FMN haem. It is apparent that the magnitude of the rate constant for haem reduction is less affected by an equivalent size of deletion in the hinge region, compared with an insertion. For example, the rate constant for haem reduction by the H∆3 enzyme is 3-fold higher than that for HI3 flavocytochrome b # (Table 1 , lower panel). This is an empirical observation and any quantitative information derived from such data requires that the structural changes imposed by such mutations be known. (3) In the enzymes HI3, HI6, H∆6 and H∆9, the major rate-limiting step is flavin hydroquinone haem electron transfer, this is the first intraprotein electron transfer event. However, in the wild-type and H∆3 enzymes, the major rate-limiting step is flavin semiquinone haem electron transfer, the second intraprotein electron transfer event. (4) The hinge modifications have very little effect on the redox potentials of the prosthetic groups.
